one year (hazard ratio: 1.50; 95% CI: 1.05, 2.14). Finally, the 4 allele was associated with an increased rate of decline in global cognition and 4 out of 5 cognitive systems (i.e. episodic memory, semantic memory, working memory and perceptual speed). Conclusion: The presence of the APOE 4 allele is associated with an increased risk of MCI and a more rapid rate of cognitive decline in old age.
Introduction
Accumulating evidence suggests that mild cognitive impairment (MCI) is the precursor to dementia, particularly Alzheimer's disease (AD) [1] [2] [3] . MCI is associated with a substantially increased risk of developing AD and with a more rapid rate of cognitive decline, and most persons with MCI exhibit the pathologic hallmarks of AD at autopsy [4] [5] [6] [7] [8] [9] . The recognition of MCI as the earliest clinical manifestation of AD has generated interest in identifying the factors associated with its development. However, relatively few such factors have been identified [10] [11] [12] [13] [14] . This is in part because MCI develops gradually over many years, and longitudinal studies of large groups of older persons initially free of cognitive impairment are needed to identify risk factors. Knowledge of the factors associated with MCI is necessary for the effort to develop disease-modifying therapies for AD and, ultimately, for the prevention of cognitive decline in old age.
The apolipoprotein E (APOE) 4 allele is a well-established risk factor for the development of AD, with the association reported in this and other cohorts [15] [16] [17] [18] [19] . Data from recent studies provide evidence that the 4 allele is also associated with an increased risk of conversion from MCI to dementia, and cross-sectional findings suggest that the 4 allele is associated with the level of cognitive impairment among persons with MCI [20] [21] [22] . Although these findings suggest that the 4 allele is likely to be a potent risk factor for MCI, few studies have carefully excluded persons with even MCI at baseline to examine the association of the 4 allele with the risk of MCI [23] [24] [25] . Further, the relation of the 4 allele to the rate of change in cognitive function among older persons without dementia or MCI remains unknown.
In this study, we tested the hypothesis that the presence of the APOE 4 allele is associated with an increased risk of incident MCI, using data from more than 600 participants in a large epidemiologic study of aging, the Religious Orders Study [4, 7] . In subsequent analyses, we examined whether this association persisted in an analysis requiring MCI to persist for at least 1 year. Finally, we examined the association of the 4 allele with the rate of change in cognitive function among older persons.
Method

Participants
The participants were older Catholic clergy members from the Religious Orders Study, a longitudinal clinicopathologic study of common chronic conditions of old age [4, 7] . The participants came from more than 40 groups across the USA. As a condition of entry, all the participants agreed to annual detailed clinical evaluations and brain donation at the time of death. The study was in accordance with the latest version of the Declaration of Helsinki and was approved by the Institutional Review Board of the Rush University Medical Center.
The participants of the Religious Orders Study underwent a uniform structured clinical evaluation at baseline. This evaluation included a medical history, a neurological and physical examination, and an assessment of cognitive function. Follow-up clinical evaluations were identical in all essential details to the baseline examination and were performed at 1-year intervals by examiners blinded to previously collected data. At the time of these analyses, 1,126 participants had completed the baseline evaluation. Eligibility for these analyses required the absence of clinical dementia or MCI at baseline, based on detailed cognitive function testing (see below) and valid genotype data. In addition, because prior studies have shown that the 2 allele is protective against cognitive decline, persons with the 2/4 genotype were 
Assessment of Cognitive Function
Cognitive function was assessed via a battery of 20 tests, as previously described [5] [6] [7] . This battery included the MMSE [21] , but MMSE scores are used only to describe the cohort. Scores on the remaining 19 tests were used to create summary indices of global cognitive function and 5 specific cognitive domains: episodic memory, semantic memory, working memory, perceptual speed and visuospatial ability. Measures used to assess the domains were as follows: (1) To compute the composite measure of global cognitive function, raw scores on each of the individual tests were converted to z scores, using the baseline mean and SD of the entire cohort, and the z scores of all 19 tests were averaged [5] [6] [7] . In addition, summary scores for 5 cognitive domains (i.e. episodic memory, semantic memory, working memory, perceptual speed and visuospatial abilities) were derived by converting raw scores on each of the individual tests to z scores, using the mean and SD of the entire cohort, and then averaging the z scores from tests within a specific domain. Psychometric information on these summary scores, including factor-analytic support for the 5 domains, is contained in previous publications [5] [6] [7] .
Clinical Diagnoses
All participants underwent uniform structured clinical evaluations including a medical history, neurologic examination and cognitive performance testing, as previously described [4, 7] . The cognitive tests were reviewed by an experienced neuropsychologist. The participants were evaluated in person by a physician, who used all available cognitive and clinical testing results from the current evaluation, to diagnose dementia and other common neurologic conditions affecting cognitive function. The diagnoses of dementia and MCI were made by clinicians blinded to the APOE genotyping of the participants. The diagnosis of dementia followed the criteria of the joint working group of the National Institute of Neurological and Communicative Disorders and Stroke and the AD and Related Disorders Association [27] . These require a history of cognitive decline and evidence of impairment in 2 or more domains of cognition, one of which must be memory for classification as AD. Persons were diagnosed with MCI if they were determined to have cognitive impairment by the neuropsychologist but did not meet criteria for dementia, as previously described [5] [6] [7] . Although no consensus criteria have been established for MCI, these criteria are similar to those proposed by others [24] and have been validated in this and other cohorts in studies showing associations with subsequent development of dementia, cognitive decline and AD pathology [5-7, 28, 29] .
APOE Genotyping
Blood was collected at each study site, using BD Vacutainer CPT cell preparation tubes containing sodium citrate and stored at room temperature. The mononuclear cell layer was isolated within 24 h of collection. DNA was extracted from approximately 2-3 million mononuclear cells using Flexigene DNA extraction kits (Qiagen, Valencia, Calif., USA), and quantified in 96-well plates using Quant-iT TM PicoGreen dsDNA detection assay kits (Molecular Probes, Eugene, Oreg., USA). Genotyping was performed at the Agencourt Bioscience Corporation (Beverly, Mass., USA), utilizing high-throughput sequencing of codon 112 (position 3937) and codon 158 (position 4075) of exon 4 of the APOE gene on chromosome 19 by an investigator blinded to all clinical and postmortem data, as previously described [30] .
Participants with 1 or more copies of the 4 allele [i.e. 3/4 (n = 124) and 4/4 (n = 7)] were considered positive for 4 for these analyses. All other participants with other allele combinations [i.e. 2/2 (n = 2), 2/3 (n = 77) or 3/3 (n = 397)] were considered negative for 4.
Comorbidities and Other Covariates
Gender, race and age were recorded at baseline. Gender was coded as '1' for men, '0' for women. The race questions and categories were those used by the 1990 US Census. Age in years was computed from the self-reported date of birth and the date of the clinical examination.
Education (reported highest grade or years of education) was obtained at baseline.
Statistical Analyses
For all analyses, the participants were divided into those with 1 or more 4 alleles (i.e. 3/4 or 4/4 ) and those without an 4 allele (i.e. 2/2 , 2/3 and 3/3 ). Pearson correlations were used to examine the associations of the APOE 4 allele with age and education. Student's t tests, Wilcoxon's rank-sum tests or 2 tests were used to compare measures among those who did and did not develop MCI. Proportional hazards models for discrete (tied) data were used to examine the association of the APOE 4 allele with incident MCI [31] ; all models were adjusted for age, sex and education. The first occurrence of MCI was used as the outcome in the initial series of models, and we then conducted models requiring MCI to have persisted for at least 1 year (i.e. MCI followed by MCI, dementia or death). In subsequent models, we tested for interactions of the APOE 4 allele with age, sex and education. Finally, we conducted mixed-effect models to examine the association of the 4 allele with the rate of cognitive decline [32] . The models were examined graphically and analytically, and assumptions judged to be adequately met. Programming was done in SAS [33] .
Results
Association of APOE 4 Allele with Incident MCI
The distribution of the APOE genotypes in the study participants was as follows: In a proportional hazards model adjusted for age, sex and education, the presence of the APOE 4 allele was associated with an increased risk of MCI (hazard ratio: 1.36; 95% CI: 1.04, 1.78). Figure 1 illustrates that a person with the 4 allele had an about 1.4-fold greater risk of developing MCI compared to a person without the 4 allele.
Next, because MCI does not uniformly progress to dementia or persist [1] [2] [3] [4] [5] , we constructed a proportional hazards model to examine the association of the 4 allele with persistent MCI (meaning that MCI was present on consecutive examinations or followed by dementia or death). Of 339 persons with incident MCI in the analyses described above, 184 had persistent MCI; those without persistent MCI were included in the reference group. In this analysis, the risk of MCI was increased among persons with the 4 allele (hazard ratio: 1.50; 95% CI: 1.05, 2.14). Thus, these findings were similar to the results above and suggest that they were not influenced by diagnostic misclassification. In subsequent models, we repeated the models described above with additional terms to test for interactions of the 4 allele with age, sex and education. The association of the 4 allele with MCI was not influenced by demographic characteristics (data not shown).
Allele and Rate of Cognitive Decline
Because the principal manifestation of MCI is cognitive impairment that develops slowly over time, to further evaluate the robustness of the association of the 4 allele with MCI, we examined the relation of the 4 allele to the rate of change in cognitive function in a series of mixed-effect models controlled for age, sex and education. In the first model, which controlled for the baseline level of cognition, the presence of the 4 allele was associated with a more rapid rate of decline in global cognition, as indicated by the term for 4 ! time ( table 2 ; fig. 2 ). Additional models examined 5 separate cognitive abilities, starting with episodic memory, the hallmark of AD, and 4 other measures including semantic memory, working memory, perceptual speed and visuospatial ability ( table 2 ). The 4 allele was associated with a more rapid rate of decline in 4 of the 5 systems, with its strongest effect on episodic memory.
Discussion
In a cohort of more than 600 well-characterized older persons free of cognitive impairment at baseline and with up to 16 years of annual follow-up, we found that the presence of the 4 allele was associated with an increased risk Derived from models that included terms for age, sex, education, time, time squared and the interactions of the demographic variables with time. of developing MCI, whether defined as the first occurrence of or persistent MCI. This association did not vary along demographic lines. Further, the 4 allele was associated with an increased rate of decline in global cognition and 4 out of 5 specific cognitive systems, with its strongest effect on episodic memory. Thus, the 4 allele is associated with an increased risk of developing MCI and may be a useful marker for identifying persons at high risk for the very earliest manifestation of cognitive impairment. Awareness of MCI as the prodromal stage of AD has shifted the field of cognitive aging research from a focus on identifying persons at risk of dementia to those at risk of the earliest manifestation of cognitive impairment who may be most amenable to treatment. Importantly, however, relatively few risk factors for MCI have been identified [10] [11] [12] [13] [14] 34] . MCI develops slowly over time, and incidence studies require large samples of persons without cognitive impairment on whom data from multiple years of observation are available. Further, there remains debate regarding the appropriate classification of MCI. The MCI criteria used in this study have been used in many previously published studies and have been shown in this and other cohorts to be predictive of an increased risk of AD, an accelerated rate of cognitive decline, and AD pathology [4-7, 28, 29] . Nevertheless, because MCI is not always a stable condition, we examined the association of the APOE 4 allele with MCI defined on the basis of its first occurrence and persistent MCI (meaning it was present for 2 or more years or followed by dementia or death), as well as the association of the 4 allele with the rate of change in cognitive function.
Little data are available on the association of the APOE 4 allele with the risk of incident MCI. Prior studies have shown that the 4 allele is associated with an increased rate of conversion from MCI to AD, with the level of cognitive function among those with MCI, and with an increased likelihood of one-step transitions into amnestic MCI but not multidomain MCI [20] [21] [22] [23] [24] [25] . Further, one study of APOE 4 carriers in their 60s showed that they exhibited measurable cognitive decline before the onset of MCI or AD, but the study did not have sufficient data to prospectively relate the presence of the APOE 4 allele with the risk of developing MCI [35] . That the 4 allele predicts incident MCI and the rate of cognitive decline in older persons (mean age in this study: 74 years) without MCI or AD has important public health implications, particularly with regard to the development of strategies to maintain cognitive health in older persons. MCI represents the transition state between normality and dementia and is likely to be much more common than AD [36] . By the time older persons meet criteria for MCI, they have already exhibited measurable cognitive decline, the hallmark of AD, and most have accumulated the neuropathologic hallmarks of AD [3] [4] [5] [6] [7] . Thus, the development of effective treatments to prevent or delay dementia requires the identification of individuals prior to the onset of MCI or AD. The current study extends prior work, and our findings suggest that APOE 4 is a risk factor for the very earliest manifestation of cognitive impairment. Further work is needed to document other risk factors for MCI and to examine its underlying biology.
There are several potential biologic bases underlying the link between APOE 4 , MCI and AD. First, AD pathology is widespread in persons with MCI and even in some without any cognitive impairment, and recent evidence suggests that the APOE 4 allele contributes to cognitive impairment via its effect on AD pathology [5, 7, 37] . That is, the 4 allele is related to AD pathology identified histopathologically, as well as to molecularly specific markers of amyloid and tau-positive tangles [37, 38] . Moreover, data from our group suggest that amyloid mediates both the association of the 4 allele with the level of cognitive function proximate to death and the association of tangles with the level of cognitive function [37, 38] . By contrast, tangles do not account for the association of the 4 allele with amyloid. These data suggest a causal sequence via which the 4 allele works first through amyloid deposition and then tangle formation to result in cognitive impairment [37] . Vascular disease is a second potential biologic basis of the association between APOE 4 and cognition. Data from this cohort have shown that the 4 allele increases the risk of cerebral infarction detected at autopsy, and findings from other studies suggest that the 4 allele is associated with the risk of clinical stroke [39] . Importantly, most older persons with cognitive impairment have multiple pathologies [40] , and it is likely that APOE 4 works through several mechanisms to cause cognitive impairment.
This study has some limitations, including the selected nature of the cohort, and the need to exclude persons with cognitive impairment (i.e. dementia and MCI) at baseline as well as those who had not yet had follow-up visits. In addition, the participants were from a study that requires older persons to agree to organ donation at death, thereby introducing a selection bias. Both of these factors may influence the generalizability of our findings. Finally, cognition was assessed annually, and it is possible that more dense data collection (e.g. every 6 months, as is often done in clinical trials) might have provided more pre-cise estimates of the association between APOE and MCI. However, several factors lend confidence to the findings. First, we used 2 definitions of MCI (first occurrence and persistent) to clarify the association of the 4 allele with the risk of cognitive impairment, and we examined the association of 4 with the rate of cognitive decline using detailed cognitive function testing from evenly spaced evaluations with high rates of annual follow-up. Second, given the large sample size, we were able to address the influence of confounding variables such as age, sex and education in the analyses. Finally, uniform structured procedures were followed, and all personnel collecting genetic and clinical data were blinded to all other data, thereby reducing the potential for bias.
